Abstract. We studied ab-plane transport properties in single crystals of the superconductor β-FeSe up to 16 T. In the normal state, below 90 K, the crystals present a strongly anisotropic positive magnetoresistance that becomes negligible above that temperature. In the superconducting state (Tc=8.87(5) K) the upper critical field anisotropy Hc2 ab/ Hc2 c changes with temperature and the angular dependence of the dissipation for fixed temperatures and fields reflects a strongly anisotropic behavior. Our results make evident that multiband effects are needed to describe the measured transport properties. We model the magnetoresistance and upper critical field behavior with a two-band model showing that the diffusivities ratio parameter remains unchanged going from the normal to the superconducting state.
Introduction
Several parent compounds of the families 1111 and 122 of the Fe based superconductors present a structural transition and spin density wave at similar temperatures. By doping this compounds the transition temperature decreases and superconductivity emerges [1] . In the case of pure β-FeSe there is a structural transition at T s ∼90 K, not accompanied by spin density wave and the samples show superconductivity at low temperatures. In this compound the orthorhombic distortion and superconductivity do not compete [2] . For the Fe-based superconductors, several disconnected Fermi-surface sheets contribute to superconductivity, as revealed by angle-resolved photoemission spectroscopy. In particular for β-FeSe these experiments show a significant change in the electronic bands going through the structural transition [3] . Evidence of the multiband behavior of this material was found in the physical properties such as the magnetic penetration depth [4] , the upper critical field, H c2 , or the Hall coefficient [5] . In this work, we grow single crystals of the β-FeSe phase and study the consequences of the structural transition in the normal and superconducting states.
Crystal characterization
Fe 1−y Se single crystals were grown using KCl: 2AlCl 3 flux in a temperature gradient (hot part of the ampule at 395 • C and cold part at 385 • C), for 45 days [6] . This low temperature process allows us to grow the desired phase avoiding high temperature structural transitions and decompositions. We use X Ray diffraction and Energy Dispersive Spectroscopy to characterize the structure and the composition of the single crystals. The crystals have a plate-like shape with the c axis oriented perpendicular to the crystal plane. The crystals have only the tetragonal β-FeSe phase present. The lattice parameters are c = (5.52 ± 0.01)Å and a = (3.77 ± 0.01)Å, in good agreement with the literature [7] . The composition of the samples present a slight Fe deficiency, y = 0.04. Figure 1 shows the ab-plane resistivity for a single crystal of Fe 0.96 Se with applied magnetic field parallel to the c axis (H c = 0, 8 and 16 T). The onset of the transition temperature for H = 0 is T c = (8.87 ± 0.05) K. The resistivity presents a metallic-like behavior in the normal state and a change in the slope around 90 K. At this temperature there is a structural transition from a tetragonal to an orthorhombic phase [8] . Below 90 K we find a positive magnetoresistance when the field is parallel to the c axis, suggesting that its origin is related to the structural transition. A magnetic characterization of the crystals in the normal state shows no evidence of a magnetic feature at this temperature. In the literature there are similar magnetoresistance results in films [9] and policrystals [10] .
Results and discussion
In order to study the connection between the electronic properties of β-FeSe above and below the superconducting temperature we performed electrical transport measurements with an applied magnetic field up to 16 T parallel and perpendicular to the c axis, see figure 2a and b. The electrical contact configuration on the sample allows the current to flow in the ab plane, always perpendicular to the magnetic field. For H = 0 there is a sharp transition, and the transition width slightly increases with field. Figure 2c shows the magnetoresistance at 14 K, approximately 5 K above T c for the field parallel to the c axis. For field parallel to the ab plane the magnetoresistance is negligible as can be seen in figure 2b. Moreover, there is a strong difference in the temperature of the superconducting transition onset (i.e. in the upper critical field, H c2 vs.T ) for both field directions, indicating an anisotropic material.
Considering that the multiband electronic structure, characteristic of Fe-based supercon- ductors, was found in many features of β-FeSe, we choose a two-band model to describe the magnetoresistance data in figure 2c . Assuming a spherical symmetry in each band [11] , the magnetoresistivity for H c is given by,
where σ m and D m are the conductivity and diffusivity in the m band, η = D 2 /D 1 and ρ(H = 0) = (σ 1 + σ 2 ) −1 . For an arbitrary direction of the magnetic field, D m must be replaced by
where θ is the angle between the applied magnetic field and the c axis and D a m and D c m are the m band diffusivities in plane and along the c axis respectively [12] .
The magnetoresistance is temperature dependent as can be observed in figure 1 . For the data at 14 K, in figure 2c (H c) the best fitted curve using equation 1 is shown with a solid line. We used ρ(H = 0, T = 14 K)=0.0835 mΩ.cm obtained from figure 2a and the fit yields: According to the model proposed here, there must be a change in the diffusivities at T ∼90 K for the emergence of magnetoresistivity, so there must be a change in the effective masses and therefore in the band structure. Recently, some authors studied the changes in the electronic bands at different temperatures going through the structural transition [3] [13] [14] . There is no general agreement about a band reconstruction or variation due to symmetry change at the transition. However, such a change in the electronic band structure could be the microscopic cause of the anisotropic magnetoresistance. Figure 4a shows the temperature dependence of the critical field data, obtained from the onset of the superconducting transition for both field directions. We also plotted the Werthamer Helfand and Hohenberg (WHH) [15] model (dotted line). We observe that this model departs from the experimental data. For H ab, the data curve towards lower values of H, which might indicate the presence of a finite spin paramagnetic effect contribution, that reduces the energy of the normal state, decreasing the value of H c2 (T) [15] . However, for the case of H c the corresponding WHH curve is below the experimental data. This could not be explained introducing a spin paramagnetic effect contribution. A multiple-band scenario must be taken in consideration. We will describe the superconducting critical field H c2 (T) in a two-band scenario. In the dirty limit and including the spin paramagnetic effect, a two-band model yields [12] ln(t) + 1 2 
where, t = T /T c , λ − = λ 11 − λ 22 , λ 0 = λ 2 − + 4λ 12 λ 21 , w = λ 11 λ 22 − λ 12 λ 21 , s = sign(w) and ψ(x) is the digamma function. λ 11 and λ 22 are the intraband coupling constant in bands 1 and 2, λ 12 and λ 21 quantify the interband coupling. α(θ) = D 0 /D 1 (θ) takes into account the spin paramagnetic effect, D 0 = /2m. Taking η = 1 and α = 0 we recover the one band WHH model, without the spin orbit coupling.
To further investigate multiband characteristics in H c2 (T) and the relation with the parameters found in the normal state we fit equation [5] .
The value of H c2 (0) strongly depends on α, so to give a reliable estimation, it is necessarily to measure at low temperatures and high fields. The values of the parameters obtained here are phenomenological and they are used to show that FeSe presents a multiple band behavior, that is necessary take into account the spin paramagnetic effect and that the different values of the diffusivities could explain the H c2 (T ) and the magnetoresistivity. Figure 4b present the effective anisotropy (γ = H c2 ab/H c2 c). It has a maximum near T c and decreases with temperature as seen in others works [16] [17] . This effective anisotropy behavior has also been taken as an indication of a multiband character of H c2 (T ).
Conclusion
The angular dependent magnetoresistance of β-FeSe crystals as well as the anisotropic upper critical field can be described by a two-band model with parameters such as the band diffusivities ratio that are valid in a wide temperature range. In the normal state, the kink in the ab plane resistivity at 90 K marks the onset of a very anisotropic magnetoresistance. Above this temperature, coincident with an structural transition, the magnetoresistance is negligible.
